Abstract-In this paper, a station-keeping controller is designed for a multi-vectored (four thrusts) propeller airship by using path following approach. Firstly, the nonlinear models of the airship are introduced, including kinematics and dynamics, and the T-S fuzzy model is derived using linearization. Then, the station-keeping controller is designed, which consists of two modules: a guidance loop and a robust model predictive control(MPC). The guidance loop uses the guidance-based path following(GBPF) principle to calculate the desired yaw rate and velocities of the airship, while the robust MPC calculates a feedback control law to track the desired yaw rate and velocities by solving linear matrix inequalities (LMIs). Simulation results for the multi-vectored propeller airship are carried out to illustrate the effectiveness of the proposed method.
I. INTRODUCTION
The multi-vectored propeller airship has two main features: flying slow and lighter-than-air. Since the airship can keep fixed(named station-keeping) at the designed point without any energy consumption to maintain their altitude, it has drawn much attention in the earth observation and relay communication [1] . In recent years, Station-keeping control has attracted many researchers, and some related works have been done, along with two other most important control types: trajectory tracking control and path following control [2] . For station-keeping control, the controller was often designed by stabilization method, such as linear control [3] , dynamic inversion control [4] and backstepping control [5] . However, it is very difficult for the system to maintain stability in case of a large disturbance, and these controllers are designed by the linear model of the airship, they are effective only around their equilibrium point. Then, for path following algorithm, it was proposed by Saiki H. [6] . This method can also be used to dealing with the station-keeping control by using the GBPF principle. The main advantage of this method is that the wind is modeled in the kinematics model, and the disturbance is no longer large when designing the controller. This method often consists of two modules: a guidance loop, which is used to calculate the desired states of the airship, and a tracking submodule to follow the desired states. Much has been down in path following method. It was adopted by Zheng et al. [7] , [8] and Hong et al [9] . Compared to path following method, the trajectory tracking method often drives the position of the airship by following the desired time-varying trajectory tracking control, it means that time is specified in the controller design. A fuzzy adaptive sliding mode control based trajectory tracking is deduced [10] . And Some other method based trajectory tracking are also proposed, such as: Active disturbance rejection control (ADRC) [11] , backstepping control [12] , gain-scheduling [13] and trajectory linearization control(TCL) [14] .
T-S fuzzy model and control are firstly proposed by Zedeh [15] , it is well promising in approximate any nonlinear systems by using the combination of membership function and sublinear models, so it is able to reduce the online computation load using T-S fuzzy model. Over the past 20 years, fuzzy control has used in many fields such as processing industry [16] , robotics [17] and network system [18] .
In this paper, focusing on the station-keeping control of the horizontal plane of the multi-vectored propeller airship, a path following based robust MPC controller is design. The controller is consist of a guidance loop and a robust MPC tracking submodule. To reduce the online computation load, this paper derived a fuzzy model for the tracking submodule, which the sublinear models of the airship in the T-S fuzzy model are obtained via the off-line method. In addition, to improve the robustness of the controller, a robust MPC controller is adopted.
The structure of this paper is as follows. The kinematics, dynamics and T-S fuzzy model of the airship are introduced in section II. The design of the station-keeping controller is detailed in section III. The simulation results are shown in section IV. A brief conclusion and future works are given in the last section.
II. MODELS OF THE AIRSHIP
In Fig. 1 , The frame and structure are shown. The airship looks like a flat peach since its Eulerian shape, and it has four propellers uniformly distributed on the equatorial plane. The buoyancy is provided by helium. The body reference frame (BRF ), along with the earth reference frame (ERF ) are defined in Fig. 1 . The airship is assumed well inflated, thus, it can be regarded as a rigid body and the aero-elastic effects is ignored. The kinematics model of the airship can be described as 
where [u, v, w] and [p, q, r] stand for the linear velocity vector and the angular velocity vector in BRF . φ is the pitch angle, θ is the yaw angle, and ψ is the roll angles.
[x g , y g , z g ] is the position vector defined in ERF . R B I and Φ are the transformation matrices, which can transform the velocity or angular velocity from BRF to ERF .
The dynamics model [19] can be described as
where x = [u, v, w, p, q, r] T , and M is the inertia matrix, F GB represent the combined buoyancy/gravity force. F A is the aerodynamic force, F I is the Coriolis force and F T represent the propeller force. These matrices and vectors in the kinematics and dynamics are detailed described in [20] .
Assume the altitude of the airship is controlled by inflating and deflating. The pitch and roll movements are small and ignored in the horizontal movement. The horizontal movement model can then be described as
A. T-S Fuzzy Model
For the nonlinear system described in equation (3), it can be transformed into a standard forṁ
where
, and g(x) = M −1 . The T-S fuzzy model is proposed by Takagi and Sugeno. The model is described by fuzzy "IF-THEN" rules. It often uses the local linear model to represent the nonlinear models.
The ith rules of the T-S fuzzy models are described in the following forms:
Model Rule i:
where M ij is the fuzzy set and l is the number of model rules. x(t) and u(t) are the state vector and input vector. A i and B i are the matrices of ith subsystem. They are often obtained by linearing the nonlinear model. Define (x i,0 , u i,0 ) is the state and input of the ith subsystem, the linearization are done at the point (x i,0 , u i,0 ), then A i and B i can be obtained by the following [21] , [22] .
is the equilibrium point of the system, then A i and B i can be obtained by the following
is not the equilibrium point, and (x i,0 , u i,0 ) = (0, 0), then the linearization can be conducted as follows
Assume the kth row of the matrix A i is denoted as α T k , the α T k can be described as
where f k (x i,0 ) is the kth row of f (x i,0 ), (.) stands for the gradient of (.), and (.) is the Euclid norm of (.). Define σ i as the ith membership function, then it can be present as
Therefore, the T-S fuzzy model can be represent aṡ
Lemma 1: The nonlinear model (5) can be approached with arbitrary precision by model (10) if there are plenty rules. Proof The detailed proof can be seen in [23] .
Remark 1: It can be observed that the model is linear near the operating point, so there is a certain modeling error for the general nonlinear system. The accuracy of the model can be improved by increasing the numbers of fuzzy rules or linearizing the model at the feature points.
III. DESIGN OF THE STATION-KEEPING BASED ON PATH FOLLOWING CONTROL ALGORITHM
In this section, based on the horizontal movement model mentioned previous, the path following algorithm is designed for the station-keeping control of the airship. Firstly, the station-keeping control is transformed to a guidance-based path following(GBPF) control, and a guidance law is derived. secondly, based on the GBPF guidance law, a robust MPC control is designed to track it.
The path following based station keeping control scheme are composed of two parts: the guidance loop and the attitude(velocity) control loop. The framework of the controller is shown in Fig. 2 , and the reference path can be seen in Fig. 3 . The guidance loop calculates the expected r d (which denotes the yaw rate) by using the GBPF principle. While the attitude(velocity) control loop track the desired r d and u d based on the robust MPC theory, using the fuzzy model mentioned before.
A. GBPF Control for Station-keeping
The GBPF principle based station-keeping can be described as [24] :Given a parameterized path
T in path parallel frame(PPF) to be followed, the position will finally converge to the ς p by designing a desired ψ c , where > 0 is the path parameter, and ψ c is the attitude angle. The path parallel frame(PPF) are defined in Fig. 3 . Denote ς as the horizontal position of the airship in ERF , according to (4), ς can be
In Fig. 3 , the PPF is related to ς p , and denote ψ p as the angle between P P F and ERF , then ψ p = arctan2(y p ( ), x p ( ), where (.) p = d(.) p /d . Denote as the error between ς and ς p in P P F . s is the along tacking error and e is the cross tracking error.
Since the error vector is described in P P F , so the positions are all transformed to P P F by the matrix:
The error vector can then be described as
Choose the following Lyapunov function
Differentiate it with respect to time, and the following is obtained.
According to [25] , choose
where k e and k s are the positively defined control parameters. Substituting equation (16) and (17) into (15), the following can then obtaineḋ
Equation (18) shows that the error vector will converge to zeros with equation (16) and (17) and the positively defined k e , k s .
From the previous, the ψ c are obtained, the next step is to design a angular velocity control law to track the desired yaw angle and guarantee the stability of the system. Here, we define the desired attitude angle (pitch, yaw and roll) vector as γ c = [0, 0, ψ c ]
T , and denote γ = [φ, θ, ψ] T , the tracking error can then be γ e = γ − γ c (19) using the backstepping technique in [8] , the desired angular velocity ω c = [p c , q c , r c ] T can be presented as
where K γ is a positively defined diagonal matrix, which ensures γ e = 0 finally.
B. Design of the robust controller
After the desired angular velocity are calculated by equation (20) , then the desired velocities and angular velocities can be denoted as x c = [u c , 0, 0, p c , q c , r c ] T , where u c often equals to the wind velocity and p c , q c , r c can be calculated by equation (20) . Then the robust MPC method is adopted to drive the velocities and angular velocities x to their desired one x c , this can be seen in this section.
MPC is a very powerful control algorithm, it is promising in handling the saturation and system uncertainties. Denote T s as the sampling time, then the discrete fuzzy-based state space model in equation (10) can be present into the discrete form
where A k = AT s + I and B k = T s B. x k stands for the state vector at time instant k. At each sampling time, the robust MPC always minimize the cost function to ensure the stability of the system. Since the standard robust MPC requires the terminal state as zero, so the following transformation is used. Define the shifted state vector asx k = x k − x c and the shifted input vector aŝ u k = u k − u c , where x c and u c are the desired state vector and input.
Assumption 1: The matrices A k in equation (21) are slow time-varying and it will be a constant in finite time.
Remark 2: The slow time-varying will lead to A c ≈ A k ,where A c is the corresponding matrix when x = x c . This does not often hold, but through the simulation results, we confirmed that is correct since the tracking performance are not affected.
With assumption 1, the shifted model of the airship can then be described aŝ
Define the predictive and control horizon as N p and N c , and the cost function is chosen as
where Q 1 and R 1 are the positive defined weighting matrices.x k+i is the predictive value of the shifted state vector at instant k + i based on instant k using the model equation (22) .û k+i is the shifted input vector at time instant k + i , which is always obtained by minimizing the cost function (23) .
Before minimizing equation (23) and obtaining the control law, we have to make the following assumptions.
Assumption 2: The shifted input vector and state vector satisfyû k+i = 0 andx k+i = 0 if i goes to ∞.
Assumption 3: At the initial moment, the predicted value of the states are equal to their actual values.
With assumption2, we can seen clearly that the cost function (23) is bounded when time approaches infinity.
The following lemma is given to solve the max problem of the cost function (23).
Lemma 2: Choose the Lyapunov function with a positively defined matrix P as
then the upper bound of the max problem is V k (which is presented in equation (24))
if the following is true
Proof. According to equation (25) , Calculate the accumulation from i = 1 to i = ∞. Then the following can be obtained
Recall assumption 2, we know thatx ∞ = 0 andû ∞ = 0. Thus, V (x ∞ ) = 0, the accumulation can then be
This proves lemma 2 is true.
In the proof, We can also conclude that the worst condition of the cost function is V (x k ). Therefore, the min-max cost function (23) is transformed into minimize V (x k ).
The purpose of this part is to design a feedback control law that minimizes V (x k ) and achieve the tracking performance that x goes to x c gradually. The feedback gain can be obtained by the following theorem.
Theorem 1: For the discrete system (22) with the T-S fuzzy model (10) and assumption 2-3. If there exist a feedback control lawû k+i = Kx k+i , i = 1, 2, ..., ∞ that minimise V (x k ), the feedback gain can be obtained by 
The min − max problem can be equal to minimize the Lyapunov function V (x k ) according to lemma 2, which can be the following
Define Q 2 = γP −1 , and according to Schur complement, x T k Px k ≤ γ can be transformed into (28). Substitutingû k+i = Kx k+i into (25), the following can be obtained
Equation (31) also equals to the following
into equation (33), multiple Q T 2 on the left side and Q 2 on the right side, then equation (33) can be transformed into
T ]. Note R 1 and Q 1 are symmetric, and rewrite it in matrix form, then the following is obtained
Using Schur complement, equation (29) can be obtained. In summary, theorem 1 is true, and the system is stable.
IV. SIMULATION
In this section, the method proposed in this paper is verified by a multi-vectored propeller airship using simulations in MATLAB. In the following simulations, the parameters of the airship can be seen in [27] , and the initial state of the airship is all zeros, the desired station-keeping position is The sampling interval of the discrete model is T s = 0.1s. The maximum value of u and r are given as u max = 10m/s and r max = 1rad/s. We used the triangle membership function in our fuzzy model. Therefore, the membership function is shown in Fig. 4 . Then, the four operative point of the airship Fig. 5-Fig. 7 . Fig. 5 shows the position of the airship. As shown in Fig. 5 , the proposed controller can drive the airship to their desired station-keeping position. The position of x and y axes have no overshoot, and the control performance is so well. Fig. 6 shows the response of the velocities and angular velocities. It can be observed that the forward velocity can converge to the wind velocity. And the other states finally converge to zero. It means that the controller is stable and hold zero dynamics. Fig. 7 shows the response of the deflection angles and propulsion forces. It can be seen that the curve is very smooth, which indicates that there is no jump in the control signal, and propulsion forces' maximum is 510.7N (in propeller 2 at 5.5s), and all the propulsion forces, also the deflection angles, are converged. The finally value of the propulsion force in propeller 2 and 4 are 250N , which is used to resist the wind field.
To conclude, simulation results conducted above prove that the path following based robust MPC controller proposed in this paper performs well in the station-keeping control of the airship in a constant wind field. This paper presents a station-keeping control aglorithm by using GBPF based robust MPC algorithm for the multivectored propeller(thrust) airship. The controller is consists of two modules: a guidance loop and a T-S fuzzy model based on robust MPC. The proposed method can not only eliminate the influences of the wind field but also accomplished the station-keeping mission well. Simulations are conducted on a multi-vectored propeller airship, and the results indicate the proposed algorithm performs great in achieving the expected goals.
Our future works would include the model uncertainties, actuator saturation, external perturbations and time delay. In addition, the results should tested in a real airship.
